1990; Marks and
. A relationship between shorebird density and productivity proposed for South America by Morrison and Ross (1989) was confirmed for Panama by Butler et al. (1998a; . In this paper, we demonstrate that the world-wide distribution of coastal dwelling shorebirds is positively related to regions of coastal zone primary productivity and we suggest that shorebird migration routes have evolved to take advantage of abundant food available in such regions.
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Ross (1989)) were divided by the length of coastline to obtain an estimate of the density of shorebirds in each eco-unit. Density estimates require information on the numbers of birds and the area of each beach. Beach area depends on its slope and the position of the tides. These data were not available so we divided the number of shorebirds counted in each eco-unit by the length of the beach. We calculated median densities because the data were skewed from a normal distribution. Morrison and Ross (1989) define an "eco-unit" as a geographical entity of broadly similar habitat. Ocean productivity was estimated for each of the 35 eco-units from satellite images throughout the year of coastal zone productivity summarized between 1978 and 1986 for the coast of South America (NASA 1999). The density of phytoplankton in these images is shown by different colors on the satellite images corresponding to the concentration of phytoplankton in the ocean where red =_ 10 mg.m3, orange _ 1.1 mg.m-3, yellow _ 0.8 mg.m-", blue -0.2 mg.m-3, and so on. Eco-units that were adjacent to ocean areas that were predominantly red, orange, yellow or blue were designated as high, moderate, low and very low primary productivity, respectively. We compared the median densities of shorebirds calculated from Morrison and Ross's (1989) atlas because the data were skewed by a few sites with very large numbers of birds.
There is no world-wide convention on how shorebird abundance data are presented by researchers. Nevertheless, areas supporting 100,000 or more shorebirds at any one time are widely considered to be of major importance and we used this criterion to distinguish heavily used eco-units from those used by fewer birds. This criterion equates to that of the category "international sites" in the Western Hemisphere Shorebird Reserve Network and is five times greater than the minimum threshold of 20,000 birds using a site recognized for international importance under the Ramsar Convention on Wetlands (Ramsar Convention Bureau 2000). Such areas generally support both a high species diversity and several internationally important numbers of shorebirds from geographically separated breeding areas. Data on shorebird abundance on a world scale were obtained from published and unpublished sources. We subdivided the world into units by placing a ca. 250,000 km2 scale grid over a map of the world. A total of 242 units were used, all of which included coastline south of the Arctic Circle. For each of these units we recorded the presence of high ocean productivity (i.e. red coastal regions on satellite images) or only lower productivity, and whether the unit held at least 100,000 shorebirds. The exception was where high ocean productivity spanned several units, but the exact unit in which large numbers of shorebird were present was not known. In these cases, we lumped adjacent units of continuous high coastal productivity with >100,000 shorebirds as if it was one unit rather than multiple units. We tested the null hypothesis that units holding >100,000 shorebirds were distributed equally between units of high and lower coastal zones productivity.
RESULTS
In South America, significantly higher densities of shorebirds occurred in areas of high coastal zone productivity than elsewhere ( Table 1 ). The median density of shorebirds in eco-units where coastal zone productivity was high was 15.9 times greater than in eco-units where coastal zone productivity was very low. Moreover, the maximum density of shorebirds in eco-units with high coastal zone productivity was 293 times greater than in the eco-units with very low productivity. This finding supports the hypothesis that coastal zone primary productivity is a good predictor of non-breeding shorebird abundance and distribution on the coast of South America.
Worldwide, the data do not allow us to test how various levels of shorebird densities map on to coastal zone productivity, but the general trend for large numbers (2100,000 shorebirds) to be found in regions of high coastal zone productivity concurs with the finding for South America (Fig. 1) . As a general pattern, high productivity in north temperate coastal regions was more extensive, often encompassing much wider regions of the ocean than at low equatorial latitudes (NASA 1999). Nevertheless, south of Arctic regions the distribution of eco-units supporting over 100,000 shorebirds was closely associated with regions of high coastal zone productivity (Fig.  1) . Eco-units holding >100,000 shorebirds occurred in 73 of 242 coastal units around the world's coastline. Seventy-one of these units Table 2 .
were in regions of high productivity (i.e., red coastal regions on satellite images) and two units were in zones of moderate (orange) productivity. This distribution was highly significantly different from an expected distribution proportional to the number of units of high (117) and lower (125) coastal zone productivity X21 = 69.9, P < 0.001). Therefore, we reject the null hypothesis that large flocks of shorebirds were distributed randomly along the world's coastlines. In comparison, 46 of the 169 coastal units that had low shorebird abundance (i.e., no known eco-units with <100,000 shorebirds) were in regions of high productivity and 123 were in regions with moderate or low productivity. Our study focused on regions of the world that supported very large flocks of shorebirds, which happen to occur on soft sediments. However, the trend for higher densities of shorebirds to occur in areas of high coastal zone productivity might hold for rocky shoreline species as well. The Surfbird (Aphriza virgata) resides during the nonbreeding season along rocky shorelines of the eastern Pacific and is seldom found on soft sediments (Hayman et al. 1986). Surfbirds were encountered along South American shores on twelve occasions during shorebird surveys by Morrison and Ross (1986) , of which seven were on coastlines with high or moderate productivity and five were on low or very low coastal zone productivity beaches. The median density of Surfbirds on those twelve encounters was 0.32. The density of Surfbirds on high and moderately productive coastlines was above the grand median at five of seven locations, versus one of four locations on low and very low productivity coastlines. The power of the test is low and is not significant (Median Test X21 = 3.1, n.s.), and larger samples are required to test the hy-pothesis that rocky shoreline species occur in greater density in regions with higher rather than lower coastal zone productivity.
DIscussIoN
Many of the areas of high coastal productivity were in Arctic regions where shorebirds occur only in the summer when they are widely dispersed over their breeding grounds. Environmental conditions, such as weather and ice-cover, make such regions generally unsuitable for shorebirds to use as migratory staging and wintering areas. Further south, other regions of high coastal zone productivity (e.g,. northern Scotland, Morocco, and the southern Red Sea) lack the extensive areas of tidal flats that are also a pre-requisite for the occurrence of large concentrations of shorebirds (Davidson et al. 1991 ): all eco-units listed in Table 2 are regions of extensive soft mudflats and sandflats. Furthermore, shorebird survey coverage is incomplete in some coastal regions, e.g. East Africa and south and east Asia. Our analysis suggests that it is reasonable to expect large concentrations of shorebirds in these regions. Only two oceanic coastal ecounits holding 2100,000 shorebirds (Golfe du Morbihan and Baie de l'Aiguillon, France) were in lower (moderate) coastal productivity zones. Two other eco-units holding major concentrations of shorebirds are in enclosed seas in regions with high coastal zone productivity (Gulf of Gabes, Tunisia-Mediterranean Sea; Sivash, Ukraine-Black and Azov Seas).
An alternative explanation is that species of shorebirds that gather in large numbers are found on mudflat and sandflat habitats created by environmental processes that also produce highly productive coastal zones. Hence, it is not the coastal zone productivity per se that draws the shorebirds but the type of habitat that is present. We do not contend that coastal zone productivity alone draws large numbers of shorebirds, but instead suggest that the densities of shorebirds within a habitat type will be greatest in regions of high coastal zone productivity. We showed that the density of the Surfbird, a rocky shore specialist, tended to be greater in coastal regions of South America with moderate productivity than in zones with low and very low productivity. Studies from Panama also support our hypothesis that coastal zone productivity enhances mudflat habitats for shorebirds. Large flocks of shorebirds occupy mudflats in Panama (Morrison et al. 1998) . The median density of calidridine shorebirds on 18 mangrove beaches with nearby upwelling was 197 times greater than on twelve mangrove beaches away from upwelling and significantly different (Butler et al. 1998b ). The same comparison for mudflats without mangroves showed that 14.6 times as many shorebirds were present on ten mudflats in regions of upwelling than on three beaches without upwelling, but the difference is not statistically significant. In addition, some Brazilian mudflats that appeared to be good habitat, but were outside regions of high coastal zone productivity, supported correspondingly low densities of shorebirds (Morrison and Ross 1989, this study).
The positive and highly significant relationship between coastal zone productivity and shorebird abundance in South America supports the hypothesis that coastal zone primary productivity is a good predictor of nonbreeding shorebird abundance over wide geographic scales. An inspection of the satellite images of ocean productivity in Panama lends support to these findings. The zone of highest ocean primary productivity (red and orange) in the eastern end of the Bay of Panama and lower levels (yellow and blue) elsewhere in the country correspond to respective high and low densities of shorebirds found there (Butler et al. 1998a, b) .
Our results suggest that large numbers of the world's shorebirds gather during their non-breeding season in coastal regions of the world with high primary productivity. This finding concurs with a similar conclusion for the world's seabirds (Brown 1988; Hunt and Schneider 1987). The underlying reason for the association between high coastal zone primary productivity and shorebird abundance has not been explained. A probable explanation is that the combinations of topography, climate and water flow that concentrate nutrients along coastlines, and which induce the growth of phytoplankton, also produce conditions conducive to rapid growth of intertidal (Fig. 1) .
Coastal eco-units holding more than 100,000 shorebirds occurred on all flyways. Four non-coastal sites supported over 100,000 shorebirds in the predominantly overland central American (Mississippi) Flyway (Skagen et al. 1999). There are major coastal con-centrations of shorebirds that winter only on the Central Asian Flyway: birds on this flyway also migrate overland, to northern Asian breeding grounds. On all other flyways there are eco-units with major shorebird concentrations that are used as wintering areas and others as staging areas during migration (Fig. 1,  Table 2 ). However, the number and distribution of major concentrations of shorebirds in areas of high coastal productivity differs substantially between flyways: for example, there only nine on the well-surveyed East Atlantic Flyway, twelve on the East Asian Flyway, but 17 just on the north American part of the Eastern Pacific Flyway. This implies that shorebirds using different flyways are following different migration strategies so as to capitalize on the different spacing and distribution of areas of high coastal productivity.
The observation that prey availability plays an important role in the local and regional distribution and abundance of wintering shorebirds ( We suggest that the spatial distribution of productive zones in the world's oceans have probably been an important selective factor in the evolution of shorebird migration. Several lines of evidence support this hypothesis. First, migratory routes of shorebirds connect highly productive sites into migratory "stepping stones" that do not always take the most direct route. For example, some species follow the Atlantic coast of Africa to northern Europe and then fly eastwards to Siberia whereas others turn west, crossing the Atlantic to reach the Canadian Arctic (Fig. 1) 
